Introduction
============

Epigenetic variation has the potential to impact ecological and evolutionary processes, and thus affect species distributions and evolutionary trajectories ([@evy034-B5]; [@evy034-B12]; [@evy034-B22]; [@evy034-B50]; [@evy034-B13]). Currently, one of the best-studied mechanisms underlying epigenetic variation is DNA methylation, a heritable epigenetic modification in which a methyl group is added to position 5 of the pyrimidine ring on a cytosine (5mC), most commonly found on cytosine-phosphate-guanine (CpG) dinucleotides in vertebrates ([@evy034-B19]). Changes in DNA methylation can have profound effects on chromatin structure, which can in turn alter gene expression ([@evy034-B28]; [@evy034-B23]). The addition or removal of these methyl groups can be dynamically regulated in response to changes in the environment ([@evy034-B6]; [@evy034-B29]; [@evy034-B8]). Variation in DNA methylation levels have therefore been hypothesized to play a key role in mediating phenotypic responses to environmental change ([@evy034-B5]; [@evy034-B20]; [@evy034-B12]), and may represent a dynamic source of heritable variation that can respond to changes in the environment and influence phenotypic variation over multiple time-scales ([@evy034-B40]).

In addition to its potential role in regulating gene expression in response to environmental change, DNA methylation is also critical in regulating gene expression in dosage compensation systems that have evolved to minimize the unequal expression of genes on heteromorphic sex chromosomes ([@evy034-B18]). In older XY sex chromosome systems, such as those found in most mammalian species, DNA methylation is involved in the global silencing of one of the two X chromosome in females ([@evy034-B18]). In ZW sex chromosome systems (which have a female-specific W chromosome) such as those in birds and some reptiles and fishes, DNA methylation is involved in gene-specific dosage compensation via the activation or suppression of particular dosage sensitive genes ([@evy034-B18]). While epigenetic silencing has been well-established as a mechanism involved in dosage compensation of older heteromorphic sex chromosome systems, patterns of DNA methylation in young sex chromosome systems are less well-understood, but have been hypothesized to play a key role sex chromosome evolution ([@evy034-B17]).

The threespine stickleback (*Gasterosteus aculeatus*) has been extensively used to investigate the genetic basis of adaptive evolution to novel environments ([@evy034-B26],[@evy034-B25]). Following the last glaciation, ancestral marine populations of stickleback colonized and adapted to newly available freshwater habitats in the north-temperate zone ([@evy034-B3]). Adaptation to these novel environments drove the rapid parallel evolution of divergent phenotypes including changes in body shape, armor plate number, gene expression levels, and gene expression plasticity ([@evy034-B26]; [@evy034-B15]; [@evy034-B36]; [@evy034-B31]; [@evy034-B21]). Several studies have used reduced representation approaches to characterize variation in DNA methylation patterns between stickleback that vary in their lateral plate morphology, and have suggested that variation in DNA methylation patterns may contribute to the phenotypic divergence observed between marine and freshwater populations ([@evy034-B46]; [@evy034-B49]; [@evy034-B2]). Threespine stickleback also have a relatively young XY sex chromosome pair that has evolved since the species first arose ∼13--16 Ma ([@evy034-B4]; [@evy034-B27]; [@evy034-B42]), and this species has become a powerful model system to explore the evolution of heteromorphic sex chromosomes and dosage compensation mechanisms ([@evy034-B43]; [@evy034-B55]). Thus, the threespine stickleback is an ideal model in which to investigate the complementary roles of DNA methylation in both environmental adaptation and the evolution of sex chromosome systems.

In this study, we present the first high-resolution analysis of DNA methylation patterns in the stickleback genome using whole genome bisulfite sequencing (WGBS). This approach allowed us to characterize prominent features in the DNA methylation landscape of stickleback, including variation in DNA methylation patterns between males and females along the entire stickleback sex chromosome, which provides insight into the relationship between epigenetic mechanisms and sex chromosome evolution. By rearing putatively ancestral marine stickleback at both low and high salinity, we also describe the effects of environmental salinity on genomic DNA methylation patterns, and highlight potential salinity responsive genes that may be differentially regulated by DNA methylation.

Materials and Methods
=====================

Fish Collection
---------------

All animal experimentation was conducted according to University of British Columbia approved animal care protocols (A10-0285 and A11-0372). Adult threespine stickleback (*G. aculeatus*) of the fully plated "marine" ecotype were collected at the beginning of their natural spawning season in May 2013 from Oyster Lagoon, British Columbia in Canada (GPS: 49.6121, -124.0314). Fish were separated into six 110-l glass tanks (20 fish per tank) and acclimated to 21 ppt salt water (dechlorinated Vancouver municipal tap water supplemented with Instant Ocean Sea Salt), 18 °C and 14:10 h light:dark photoperiod. These conditions mimic the natural environmental conditions at the collection location at the time of collection. Fish were fed daily to satiation with Hakari Bio-Pure frozen Mysis Shrimp and were acclimated to laboratory conditions for four weeks.

Fertilization and Rearing Procedure
-----------------------------------

To determine the impact of salinity on fertilization and hatching, eggs were collected from gravid female stickleback and immediately divided into six different petri dishes containing 5 ml of 2, 7, 14, 21, 28, or 35 ppt saltwater. Testes were collected from males displaying sexually mature characteristics and individually macerated in a 1.75 ml microcentrifuge tube containing 300 µl Ginzberg's fish Ringer's solution. Eggs from a single clutch were fertilized with sperm solution from a single male across all salinities (50 µl of sperm solution for each petri dish at each different salinity). Following fertilization, an additional 10 ml of water at the appropriate salinity was added to each petri dish. This process was repeated ten times creating a total of ten different families, each fertilized at all salinities. Petri dishes were partially covered to prevent water loss via evaporation and to allow for surface gas exchange. Eggs were monitored twice daily during which time any unfertilized eggs were removed and 10 ml of water was changed with sterilized water of the appropriate salinity to prevent mold growth. Percent fertilization and percent hatch were recorded. Percent hatch is recorded as the proportion of fertilized embryos that hatched. The effect of salinity on fertilization and hatching success was analyzed using a logistic regression ([@evy034-B54]) in the R v3.3.2 base stats package. Tukey post hoc analysis was performed using the glht() function in the *multicomp* v1.4-6 R package.

After all fish in a petri dish had hatched and the yolks had been absorbed (∼15 days post fertilization), larvae were transferred to hanging net boxes (Aquaclear) in 110 L glass aquaria containing water at the fertilization salinity. Sponge filters were used for filtration and aeration. Each family was kept separate throughout the experiment. At one-month post hatch whole animals were snap frozen in liquid nitrogen.

WGBS
----

Genomic DNA was isolated from one-month old whole fish samples from the 2 ppt and the 21 ppt salinity treatments using a Qiagen DNeasy Blood and Tissue Kit following the manufacturer's recommended protocol for RNA-free genomic DNA using RNAase A. The sex of each sample was identified by PCR analysis using primers designed to *idh, gasm6*, and *stn190* following previously described methods ([@evy034-B48]). Genomic DNA samples from three males and three females from 2 ppt and 21 ppt (twelve samples total) were sent to the McGill University and Genome Quebec Innovation Center for DNA quality assessment, library preparation, bisulfite treatment, and 150 base pair paired-end sequencing using an Illumina HiSeqX. The 12 samples were split evenly across three sequencing lanes (4 samples/lane) such that one male and female sample from each of the salinity treatments were represented on each sequencing lane. Average sequencing library size was 102,011,555 reads (± 13,147,873 SD).

WGBS Data Analysis
------------------

Reads were mapped to a revised assembly of the stickleback genome ([@evy034-B16]) obtained from the Dryad Digital Repository ([http://datadryad.org/resource/doi: 10](http://datadryad.org/resource/doi:10).5061[/dryad.q018v](http:///dryad.q018v)) and DNA methylation levels were calculated using the bisulfite sequencing plugin v1.2 in CLC Genomics Workbench v10.0. Average mapping efficiency was 89.5% (± 1% SD). DNA methylation data were exported from CLC and analyzed using in R v3.3.2 using *methylKit* package v3.5 ([@evy034-B1]) following previously recommended guidelines for bisulfite sequence analysis ([@evy034-B62]; [@evy034-B56]). Sequenced CpG loci were filtered so that only sites with at least 10 reads in each of the 12 samples were retained. Sites that were in the 99.9th percentile of coverage were also removed from the analysis to account for potential PCR bias.

Hierarchical cluster analysis was conducted using Ward's method and was implemented using the clusterSamples() function. Pairwise comparisons between groups were performed using a logistic regression model with a correction for overdispersion using the calculateDiffMeth() function followed by a Chi-square test to identify significantly differentially methylated cytosines (DMCs) between groups. The *P*-values for DMCs were false discovery rate (FDR) corrected using the sliding linear model method (SLIM) with a maximum *q*-value threshold of 0.05 and a minimum change in percent methylation of 10%. For the comparison between males and females, salinity and family were included as covariates. For the comparison between salinity rearing treatments, sex and family were included as covariates. For comparisons between families, sex and salinity were included as covariates. To calculate mean methylation levels across 10 kilobase (kb) genomic regions, the tileMethylCounts() function in methylKit was used to calculate DNA methylation values across sequential 10 kb windows of the genome. All figures were generated in R.

To obtain nearest neighboring gene annotations, the gene coordinates in the annotation file (.gtf) provided by [@evy034-B16] in the dryad digital repository (which contains gene coordinates that correspond to the stickleback genome available in Ensembl) were converted to the coordinates in the updated assembly using the R script convertCoordinate.R that is provided by the authors of the revised assembly. Distances to nearest neighboring genes were calculated using the annotatePeakInBatch() function in the R package *ChIPpeakAnno* v3.6.5.

CpG islands for the revised stickleback genome assembly were calculated using python scripts (<https://github.com/lucasnell/TaJoCGI>) that apply an algorithm based on the methods described by [@evy034-B47]. The observed distribution of DMCs was compared with the distribution of CpGs across the genome using a Chi-square test.

Candidate Gene Analysis
-----------------------

Previous RNA-seq studies have identified many genes that respond to changes in salinity in stickleback (2,771 in gill tissue, [@evy034-B15] and 1,844 in kidney tissue, [@evy034-B53]). To determine whether DNA methylation could be involved in the differential regulation of these candidate genes we compiled a list of salinity responsive genes from previous studies (4,615 candidate genes) and compared them to genes within 2 kb of DMCs in stickleback reared at different salinities.

Similarly, several studies have also characterized sex-biased gene expression patterns in stickleback. We therefore compiled a list of 2,282 genes that display sex-biased gene expression patterns in brain (1,255 genes, [@evy034-B34]) and liver tissue (1,268 genes, [@evy034-B30]), and compared these to genes within 2 kb of DMCs that were identified between male and female stickleback.

We also compared genes within 2 kb of DMCs between individuals reared a different salinities to genes associated with single nucleotide polymorphisms (SNPs) under positive selection in threespine stickleback from freshwater environments compared with marine environments ([@evy034-B26]).

Results and Discussion
======================

Characterization of the Stickleback Methylome
---------------------------------------------

We performed WGBS on fish from a marine population of threespine stickleback reared from fertilization to the age of 1 month at a salinity of either 2 ppt or 21 ppt. These salinities represent the widest range that still allows good fertilization and hatching success in this population ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In this study, we utilized a balanced design with WGBS performed on one male and one female from each of three families and each of the salinity rearing treatments. This design was chosen because genetic variation has been shown to have substantial effects on the divergence of DNA methylation patterns among individuals in both plants and animals ([@evy034-B14]; [@evy034-B32]; [@evy034-B51]). Consistent with this observation, we detected strong effects of family on DNA methylation ([supplementary figs. S2 and S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, family-level variation in DNA methylation levels could also be indicative of transgenerational environmental or maternal effects ([@evy034-B22]).

CpG loci in the stickleback genome had an average methylation level of 70.3%, which is consistent with whole genome assessments of methylation in other fish species ([@evy034-B11]; [@evy034-B44]; [@evy034-B59]). However, there were several hypomethylated regions (\<40% methylation) that are indicative of DNA methylation canyons or valleys ([@evy034-B24]; [@evy034-B57]) with the most prominent of these located on chromosomes 4, 10, 11, 12, and 16 ([fig. 1](#evy034-F1){ref-type="fig"}, [supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). While the factors that determine the size of DNA methylation canyons remains unknown, larger hypomethylated canyons such as those described here in stickleback have been shown to be under strong transcriptional suppression due to increased abundance of repressive histone H3 lysine 27 methylation that interacts with hypomethylated DNA ([@evy034-B37]). This mechanisms of transcriptional repression is thought to maintain these regions in a "poised" transcriptional state to allow rapid activation of gene transcription in these regions at specific times during embryonic development ([@evy034-B37]), but whether these hypomethylated canyons play a functional role in adults is unknown. However, genes that are essential for proper development typically dominate these regions ([@evy034-B24]; [@evy034-B37]; [@evy034-B57]). Consistent with this pattern, genes located in the hypomethylated canyons in the stickleback genome include protocadherins on chromosome 4 and homeobox genes on chromosomes 10, 11, 12, and 16 ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting a conserved role of hypomethylated canyons across vertebrates.

![---Mean CpG methylation level across chromosomes 4, 10, 11, 12, and 16. Each point represents the mean methylation level across all twelve individuals for a single 10 kb window. The solid line represents the smoothed spline fit to these data. Position along the *x*-axis represents the base position along the chromosome. The *y*-axis is the average DNA methylation level.](evy034f1){#evy034-F1}

Sex-Biased DNA Methylation Patterns
-----------------------------------

We identified a total of 18,564 DMCs between males and females ([fig. 2](#evy034-F2){ref-type="fig"}, [supplementary data](#sup1){ref-type="supplementary-material"} set S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Although relatively few studies have examined differential methylation patterns between males and females at the whole genome level in fishes, a study in tilapia detected a similar number of DMCs between males and females in muscle tissue (17,112 DMCs; [@evy034-B52]), whereas a study of sex-specific differential methylation in zebrafish brain detected only 914 DMCs ([@evy034-B7]). These data suggest that the extent of sexually dimorphic methylation may be highly variable among teleosts, consistent with the wide range of sex-determining mechanisms in this group ([@evy034-B10]).

![---Differentially methylated CpG loci between male and female stickleback. (*A*) Differentially methylated CpG (DMC) loci between male and female threespine stickleback. Each point represents an individual DMC. The *y*-axis indicates the percent difference in methylation between males and females. A positive value on the *y*-axis indicates a DMC that is hypermethylated in females relative to males. A negative value on the *y*-axis indicates a DMC that is hypomethylated in females relative to males. The *x*-axis indicates the position of the DMC in the stickleback genome. Chromosome boundaries are represented by vertical dashed lines. Only DMCs for which a change in methylation of \>10% are presented. (*B*) The percentage of CpG loci on a given chromosome that were differentially methylated between male and female threespine stickleback. The light shading represents DMCs that are hypermethylated and the dark shading represents DMCs that are hypomethylated in female stickleback compared with males.](evy034f2){#evy034-F2}

The distribution of DMCs across genomic features (e.g., promoters, exons, CpG islands) did not differ from the relative proportions of these features in the genome ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). No DMCs were identified between males and females in the mitochondrial genome. The majority of DMCs (90%; 16,626 DMCs) between males and females showed a bias towards higher methylation in females relative to males suggesting that female stickleback genome is hypermethylated relative to male stickleback genome.

The most striking pattern in these data is the apparent hypermethylation of chr19 (the threespine stickleback sex chromosome) in females relative to males, which is where 65% of the putative DMCs identified between males and females are located (12,112 DMCs). Chr19 also had the highest proportion of DMCs relative to the number of CpG sites on the chromosome (5%) compared with the rest of the autosomes where ∼0.07% of CpG loci were differentially methylated between the sexes ([fig. 2](#evy034-F2){ref-type="fig"}).

Three distinct regions (strata) have been characterized on chr19 based on the extent of divergence in these regions between the X and Y chromosome ([@evy034-B41]; [@evy034-B55]), and two of these strata no longer recombine between the X and Y: Stratum two (the younger evolutionary stratum located between ∼2.5 Mb and 12 Mb), and stratum one (the older evolutionary stratum located from ∼12 Mb to the end of the chromosome). There is also a pseudoautosomal region (PAR) located in the first ∼2.5 Mb of chr19 that is thought to still recombine between the X and Y chromosomes ([@evy034-B55]). To assess whether these evolutionary strata are also associated with sex-specific DNA methylation, we divided chr19 into 10 kb consecutive nonoverlapping bins and calculated the frequency of CpG loci that were putatively identified as hypermethylated or hypomethylated in female stickleback relative to male stickleback ([fig. 3](#evy034-F3){ref-type="fig"}). This analysis revealed clear patterns that correspond to the evolutionary strata of chr19 for loci that were hypermethylated in females relative to males, with the greatest apparent hypermethylation in stratum two and the least in the PAR ([fig. 3*B*](#evy034-F3){ref-type="fig"}).

![---Differential methylation between sexes on chromosome 19 (chr19). (*A*) Mean DNA methylation levels for CpG loci along chromosome chr19. Each point represents the mean DNA methylation level in a 10 kb window for six individual stickleback that were either male (blue) or female (red). Solid lines represent the smooth spline fit for the DNA methylation levels in males (blue) and females (red). (*B*, *C*) Proportion of DMCs along chr 19 that are hypermethylated (*B*) or hypomethylated (*C*) in female stickleback compared with male stickleback. Values on the *y*-axis represent the total number of DMCs in a 10 kb window relative to the number of CpG loci in that same 10 kb window. (*D*) Ratio of mapped read counts for males relative to females along chr19. Each point represents the ratio of mean counts for a 10 kb window in males compared with females. The solid black line is the smooth spline fit. Vertical dashed lines represent the boundaries between the three evolutionary strata on chr19: The pseudoautosomal region (PAR), stratum two, and stratum one.](evy034f3){#evy034-F3}

Identifying Differential Methylation on the Sex Chromosome
----------------------------------------------------------

One of the challenges for unambiguously determining levels of sex-specific DNA methylation on stickleback sex chromosomes is that there is currently no publically available sequence for the Y chromosome and the published sequence for chr19 is predominately derived from X chromosome sequence. Because DNA methylation is detected as sequence differences between bisulfite-treated DNA and the reference sequence at CpG sites, both divergence between the X and Y chromosome at CpG sites and differential methylation can result in the same patterns in the sequence data. Thus, the signal of differential methylation that we observe could be attributed to one of three possible mechanisms: 1) identical sequences but differential methylation between the X and Y chromosome, 2) differential methylation between X chromosomes in males and females, or 3) sequence divergence between the X and Y chromosomes resulting in alteration of CpG sites.

To address this issue, we again divided chr19 in to 10 kb consecutive nonoverlapping segments and compared the number of reads that mapped to chr19 in males and females for each 10 kb segment. If chr19 reads map uniquely to the published X chromosome then we would expect half the number of reads to map to chr19 in males compared with females. Given that the PAR is known to recombine between the X and Y chromosomes, suggesting low levels of divergence in this region, we predicted that sequencing reads derived from both the X and Y chromosomes would map to the reference sequence, resulting in a ratio of one for the number of reads mapped in males and females in the PAR. The results from the read coverage analysis matched this prediction ([fig. 3*D*](#evy034-F3){ref-type="fig"}).

For the younger, less diverged stratum (stratum two), we predicted a read count ratio between 0.5 and 1 because sequence similarity between the X and Y chromosome would result in reads from both chromosomes mapping to the X chromosome reference sequence. The results from the read coverage analysis matched this prediction ([fig. 3*D*](#evy034-F3){ref-type="fig"}). Thus, we cannot unambiguously determine whether differential methylation or X Y polymorphism is the cause of the apparent hypermethylation in females in stratum two.

Stratum one is thought to be the most divergent region of the sex chromosome, and thus we predicted that few reads from the Y chromosome would map to the chr19 reference, resulting in a ratio of 0.5 for the number of reads mapped in males and females. Again, the results from the read coverage analysis mostly matched this prediction ([fig. 3*D*](#evy034-F3){ref-type="fig"}), although there were specific regions where the read count ratio was close to one. These regions in stratum one may correspond to regions that are thought to be under purifying selection to maintain dosage sensitive genes from being lost on the Y chromosome ([@evy034-B55]). We also detected apparent hypermethylation in females in these regions ([fig. 3*B* and *D*](#evy034-F3){ref-type="fig"}). Thus, we cannot conclusively determine whether this apparent hypermethylation of chr19 in females is due to differential methylation or from the accumulation of TG polymorphisms on the Y that are being interpreted as unmethylated loci.

While we are unable to unambiguously determine the ultimate cause of the apparent DNA methylation differences between males and females on chr19, whether the patterns we observe are the result of sequence polymorphism between the X and Y chromosome that alters CpG sites, or are due to differential methylation of conserved sequences between males and females in chr19, the ultimate effect would be differences in methylation between the sex chromosomes. Thus, taken together, the patterns of putative differential methylation that we observe suggest that divergence in DNA methylation patterns between males and females on the stickleback sex chromosome are closely associated with the known evolutionary history of this chromosome.

DNA Methylation and Sex Chromosome Evolution
--------------------------------------------

Sex chromosome evolution from autosomes is thought to involve recombination suppression in sex determining regions, followed by the accumulation of deleterious mutations and the degeneration of the sex-specific (e.g., Y) chromosome ([@evy034-B18]). Degradation of the sex-specific heteromorphic sex chromosome following recombination suppression has the potential to cause imbalances in gene expression. Many taxa with heteromorphic sex chromosome pairs have evolved dosage compensation mechanisms to resolve this effect, but the nature and extent of these dosage compensation mechanisms varies greatly among taxa ([@evy034-B18]). DNA methylation has been proposed as a key mechanism responsible for regulating every step of the evolution of sex chromosomes from recombination suppression in the early stages of sex chromosome evolution to dosage compensation in more derived sex chromosome systems ([@evy034-B17]); however, there has been little empirical evidence to test this hypothesis. Taxa with relatively "young" heteromorphic sex chromosomes, such as the threespine stickleback, provide an opportunity to investigate the potential role of DNA methylation in regulating sex chromosome recombination and the evolution of dosage compensation mechanisms. In the following section, we discuss the apparent differential methylation between males and females on chr19 in the context of the different stages of sex chromosome evolution in stickleback.

DNA methylation promotes the formation of heterochromatin ([@evy034-B35]; [@evy034-B58]; [@evy034-B33]), and it is thought to play a role in suppressing recombination of sex chromosomes in plants ([@evy034-B60]). In stickleback we observed apparent hypermethylation of the younger evolutionary stratum in females (stratum two), and relatively less differential methylation between males and females along the older evolutionary stratum (stratum one) and the PAR. The apparent hypermethylation of stratum two on the X chromosome in females (hypomethylated in males) corresponds to the region hypothesized to have undergone the first chromosomal inversion during the evolution of the Y chromosome ([@evy034-B41]). The apparent differential methylation in stratum two between males and females (hypomethylated in males and hypermethylated in females) could have played a role in suppressing recombination between male and female sex chromosomes and in establishing the boundaries in which this inversion first occurred.

The next stage in sex chromosome evolution, following recombination suppression, is thought to be the accumulation of genetic variation and degradation in the nonrecombining region(s). If methylated cytosines on the female X chromosome correspond to thymines on the male Y chromosome as previously discussed, then it is possible that the accelerated mutation rate of methylated cytosines, which can be deaminated to become thymines ([@evy034-B9]; [@evy034-B45]), could play an important role in the divergence between X and Y chromosomes. Alternatively, instead of being a direct result of C to T polymorphisms, the observed increase in hypermethylated loci in females could be closely linked to the accumulation of genetic polymorphisms. The frequency at which SNPs occur in genomes has been shown to be higher near methylated CpG loci ([@evy034-B39]). The CGCG motif has been identified as a candidate cis-element associated with this observation and is enriched in hypomethylated regions ([@evy034-B39]). Therefore, individuals with higher DNA methylation levels at particular loci would be predicted to have a higher degree of sequence divergence near those loci relative to individuals with lower methylation levels. The PAR had the highest frequency of the CGCG motif (1.98/1 kb) whereas stratum one and stratum two had a lower frequency of the CGCG motif (1.22/1 kb and 1.18/1 kb respectively). These data suggest that DNA methylation may also be associated with the accumulation of genetic variation between the nonrecombining regions of the male and female sex chromosomes.

We next explored whether the apparent differential methylation patterns between males and females on chr19 are consistent with the regulation of dosage sensitive genes. In stickleback, there are two conflicting hypotheses regarding the existence of a dosage compensation system. One hypothesis is that there is locally confined partial dosage compensation in stratum one in males that is also associated with a hypertranscription of genes in stratum one in females ([@evy034-B43]). The second hypothesis suggests that dosage compensation has not evolved in the stickleback but that there is purifying selection to maintain dosage sensitive genes in stratum one of the Y chromosome ([@evy034-B55]). The differential methylation patterns between sexes along the X chromosome that we observe are not entirely consistent with either of these prevailing hypotheses. We observed apparent hypermethylation in stratum two in females. This might be expected to result in reduced transcription or partial silencing of genes in this region, which has not been observed in stickleback ([@evy034-B43]; [@evy034-B55]). The less extensive and highly localized pattern of hypermethylation in stratum one that we observe is suggestive of gene-specific regulation, which is not consistent with a generalized hypertranscription of genes in stratum one in females ([@evy034-B43]). Because the male to female coverage ratio is similar in these localized regions in stratum one, this localized pattern may be more consistent with the potential preservation of dosage sensitive genes in these regions ([@evy034-B55]); however, it is also possible that the differential methylation in these regions is caused by the accumulation of C to T polymorphisms which is less consistent with purifying selection acting in these regions ([@evy034-B55]).

Taken together, the apparent differential methylation between male and female stickleback described in this study is consistent with the proposed role of DNA methylation in the evolution of sex chromosomes ([@evy034-B17]). Thus differential DNA methylation could be playing a role in the evolution of this "young" heteromorphic sex chromosome system, either through influencing patterns of recombination or potentially through mediating the early stages of the development of dosage compensation.

DNA Methylation and Sex-Biased Gene Expression
----------------------------------------------

To determine whether the apparent variation in DNA methylation patterns between males and females could be influencing previously described sex-biased gene expression patterns in stickleback, we compared the list of genes near DMCs between males and females ([supplementary data](#sup1){ref-type="supplementary-material"} set S2, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) to previously identified genes that exhibit sex-biased gene expression patterns ([@evy034-B34]; [@evy034-B30]). Of the 2,282 genes that have been shown to exhibit sex biased gene expression patterns from these studies, 490 overlapped with genes near DMCs in our study of which 269 are on chr19 ([supplementary data](#sup1){ref-type="supplementary-material"} set S3, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) including genes located in the region considered to be tightly linked to sex determination in stickleback such as *sema4ba* and *idh2* ([@evy034-B38]). This pattern is consistent with differential methylation between males and females playing a role in regulating sex-biased patterns of gene expression.

Effects of Environmental Salinity on DNA Methylation
----------------------------------------------------

Variation in DNA methylation has also been suggested to be an important component of an organism's response to environmental change ([@evy034-B5]; [@evy034-B20]; [@evy034-B12]). Changes in environmental salinity are known to cause substantial changes in gene expression in many species of fish, including stickleback ([@evy034-B15]; [@evy034-B61]; [@evy034-B53]). In order to explore whether changes in DNA methylation may be involved in environmental regulation of gene expression, we identified differentially methylated loci in stickleback reared at two salinities (2 and 21 ppt), and we compared genes near DMCs identified in fish reared at different salinities to genes that have been previously identified as salinity-responsive using RNA-seq ([@evy034-B15]; [@evy034-B53]).

1,259 CpG loci were differentially methylated between salinity treatments ([supplementary data](#sup1){ref-type="supplementary-material"} set S4, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), and these DMCs were distributed across all chromosomes, with an average of 0.01% of the CpG loci on each chromosome being differentially methylated ([fig. 4](#evy034-F4){ref-type="fig"}). No DMCs were identified between individuals from low and high salinities in the mitochondrial genome. The distribution of DMCs across genomic features (e.g., promoters, exons, CpG islands) did not differ from the relative proportions of these features in the genome ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The majority of DMCs (1,051) was hypomethylated in individuals from high salinity relative to low salinity. Analysis of the genes located close to these DMCs revealed several genes known to be involved in the response to salinity in fish ([supplementary data](#sup1){ref-type="supplementary-material"} set S5, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). However, GO enrichment analysis did not detect significant enrichment for any GO categories following FDR correction. The ten GO terms with the lowest *P*-values are listed in [supplementary tables S3--S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online.

![---Differentially methylated CpG loci between stickleback reared at low and high salinity. (*A*) Differentially methylated CpG (DMC) loci between stickleback reared at a salinity of 2 ppt compared with 21 ppt. Each point represents an individual DMC. The *y*-axis indicates the percent difference in methylation between salinity rearing treatments. A positive value on the *y*-axis indicates a DMC this is hypermethylated in stickleback reared at 21 ppt relative 2 ppt. A negative value on the *y*-axis indicates a DMC that is hypomethylated in stickleback reared at 21 ppt relative to 2 ppt. The *x*-axis indicates the position of the DMC in the stickleback genome. Chromosome boundaries are represented by vertical dashed lines. Only DMCs for which a change in methylation of \>10% are presented. (*B*) The percentage of CpG loci on a given chromosome that were detected as being differentially methylated between stickleback reared at 21 ppt and 2 ppt. The light shading represents DMCs that are hypermethylated and dark shading represents DMCs that are hypomethylated in stickleback reared at 21 ppt compared with 2 ppt respectively.](evy034f4){#evy034-F4}

Comparison of genes located near DMCs in fish reared at different salinities to previously identified as salinity-responsive using RNA-seq ([@evy034-B15]; [@evy034-B53]) identified 126 candidate genes with changes in both expression and methylation in response to salinity ([supplementary data](#sup1){ref-type="supplementary-material"} set S6, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Among the candidate genes that we identified are ion channels that are important for regulating cellular ion concentrations in hyper and hypo-osmotic conditions such as the calcium pump *atp2b4*, the sodium/chloride cotransporter *slc12a3*, and the sodium/potassium/2 chloride cotransporter *slc12a1*. Taken together, these data suggest that changes in DNA methylation could play a role in facilitating the transition between marine and freshwater environments.

In stickleback, a variety of genomic regions have been identified as having been subject to positive selection following colonization of freshwater habitats by ancestral marine fish ([@evy034-B25]). Because epigenetic variation has been suggested to be a driver of adaptive evolution ([@evy034-B12]), we screened our data set of salinity responsive DMCs in marine fish to identify those associated with genes found in regions under positive selection in freshwater populations ([@evy034-B25]). Very few of the DMCs identified in our study were near these genes ([supplementary data](#sup1){ref-type="supplementary-material"} set S7, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), suggesting that salinity-responsive changes in DNA methylation are unlikely to have played a role in driving genetic divergence in these regions between marine and freshwater populations of stickleback.

Conclusions
===========

In this study we used whole-genome bisulfite sequencing to identify novel DNA methylation features in the stickleback epigenome. Apparent hypermethylation of stratum two on the female X chromosome compared with levels in males suggests that DNA methylation could play an important role in the suppressing recombination between the X and Y chromosome, and potentially in regulating sex-biased gene expression patterns. We also detected significant changes in DNA methylation in response to rearing salinity, some of which were associated with genes known to be differentially regulated in response to changes in environmental salinity. This epigenetic change reflects a response to environmental salinity that could facilitate the accumulation of epigenetic variation between natural populations, and thus be implicated in long-term responses to environmental change.

Data Accessibility
==================

The sequencing FASTQ files from the whole genome bisulfite sequencing can be downloaded from the NCBI sequence read archive (SRA accession: SRP127356).

Supplementary Material
======================

[Supplementary data](#sup1){ref-type="supplementary-material"} are available at *Genome Biology and Evolution* online.

Supplementary Material
======================

###### 

Click here for additional data file.
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